ABSTRACT: Cellular signaling mediated by the epidermal growth factor receptor (EGFR or ErbB) family of receptor tyrosine kinases plays an important role in regulating normal and oncogenic cellular physiology. While structures of isolated EGFR extracellular domains and intracellular protein tyrosine kinase domains have suggested mechanisms for growth factor-mediated receptor dimerization and allosteric kinase domain activation, understanding how the transmembrane and juxtamembrane domains contribute to transmembrane signaling requires structural studies on intact receptor molecules. In this report, recombinant EGFR constructs containing the extracellular, transmembrane, juxtamembrane, and kinase domains are overexpressed and purified from human embryonic kidney 293 cell cultures. The oligomerization state, overall structure, and functional stability of the purified EGF-bound receptor are characterized in detergent micelles and phospholipid bilayers. In the presence of EGF, catalytically active EGFR dimers can be isolated by gel filtration in dodecyl maltoside. Visualization of the dimeric species by negative stain electron microscopy and single particle averaging reveals an overall structure of the extracellular domain that is similar to previously published crystal structures and is consistent with the C-termini of domain IV being juxtaposed against one another as they enter the transmembrane domain. Although detergent-soluble preparations of EGFR are stable as dimers in the presence of EGF, they exhibit differential functional stability in Triton X-100 versus dodecyl maltoside. Furthermore, the kinase activity can be significantly stabilized by reconstituting purified EGF-bound EGFR dimers in phospholipid nanodiscs or vesicles, suggesting that the environment around the hydrophobic transmembrane and amphipathic juxtamembrane domains is important for stabilizing the tyrosine kinase activity in Vitro.
The epidermal growth factor receptor (EGFR) 1 is a type I transmembrane receptor tyrosine kinase (RTK) that binds extracellular polypeptide growth factor ligands, such as epidermal growth factor, to stimulate an array of intracellular signaling cascades that regulate normal cellular growth and proliferation. In one model for growth factor-mediated EGFR activation, ligand binding induces receptor dimerization with a concomitant activation of intracellular protein tyrosine kinase activity (1) (2) (3) , while other models suggest that receptors are predimerized on the cell surface and ligand binding alters the dimer configuration (4) (5) (6) . Once activated, subsequent autophosphorylation of tyrosine residues in the intracellular C-terminal domain provides docking sites for SH2 and PTB domain-containing adaptor proteins that couple extracellular signals and receptor activation to downstream signaling pathways (7, 8) . Finally, once activated, EGFR signal transduction is attenuated by a variety of mechanisms that result in receptor internalization and downregulation (9) .
The mechanisms regulating growth factor-dependent activation of EGFR and related members of the ErbB family, ErbB2, ErbB3, and ErbB4, are currently of significant clinical importance, as deregulated ErbB receptor signaling and constitutive activation have been identified in several types of cancers (10) . As such, EGFR and ErbB2 are important targets of anticancer therapeutics, with a number of antagonistic monoclonal antibodies and small molecule tyrosine kinase inhibitors currently available to inhibit EGFR and ErbB2 signaling (11) . However, the restricted responsiveness by only select patient populations and the emergence of drugresistant mutations necessitate the continued development of ErbB-targeted therapeutic strategies and a better understanding of the structural mechanisms of EGFR activation and regulation (11) (12) (13) .dimerization and allosteric kinase domain activation, respectively. However, it is still poorly understood how the transmembrane domains associate in the plasma membrane and how their structure is propagated through the intracellular juxtamembrane domain to properly position the tyrosine kinase domains for activation (20, 21) . Biochemical and cellbased studies utilizing fragments of EGFR that include the transmembrane domain or isolated transmembrane domains have provided conflicting results on the role of the membrane spanning region in mediating receptor dimerization (22) (23) (24) . In addition, the juxtamembrane domain is suggested to play an important role in regulating receptor activation. Models have been proposed in which the membrane-proximal portion of the juxtamembrane domain interacts with the inner leaflet of the plasma membrane in a phosphorylation-dependent manner (25, 26) , while the membrane-distal region comprises a portion of the dimerization interface observed in the kinase domain crystal structure (19) and is required for allosteric activation (27) . However, significant structural heterogeneity observed in the NMR structure of the isolated juxtamembrane domain prevented definition of the relative orientations of the membrane-proximal and -distal regions (28) . Thus, determining how the structures and the dynamics of the transmembrane and juxtamembrane domains contribute to EGFR activation is best suited for characterization in the context of intact receptor molecules.
Structural characterization of intact EGFR requires systems for reconstituting EGFR that provide structural and functional stability in Vitro. In the pioneering studies by Cohen, Schlessinger, Gill, and others, biochemical mechanisms of EGFR signaling were initially established working with Triton X-100 solubilized preparations of EGFR extracted from A431 cell membranes (29) . Furthermore, partial purification of endogenously expressed EGFR from A-431 cells was achieved by immunoaffinity chromatography and other means (29) (30) (31) (32) (33) . While these approaches provided sufficient quantities of wild-type protein preparations for biochemical characterization, they do not provide sufficient quantities or a means to isolate mutant constructs for biophysical characterization of intact receptor molecules. In addition, the stability of highly purified detergent-soluble EGFR preparations has not been characterized in detail.
In this report we present a system for the high yield expression and purification of recombinant EGFR constructs from mammalian cell cultures and screen detergents for their ability to solubilize functional and monodisperse preparations of EGFR. We characterize the oligomeric state, overall structure and domain organization, and functional stability of purified EGF-bound EGFR in detergent micelles and phospholipid bilayers. In dodecyl maltoside detergent micelles, the extracellular domain of the intact receptor dimer has a conformation in electron microscopy projection averages that is similar to that seen in crystal structures. Although the EGF-bound EGFR dimer is a stable structural unit in dodecyl maltoside and is functionally active, the kinase activity is markedly less stable than in Triton X-100. Furthermore, the kinase activity can be significantly stabilized by reconstituting purified EGF-bound EGFR dimers in phospholipid bilayer nanodiscs or vesicles, suggesting that the environment around the hydrophobic transmembrane and amphipathic juxtamembrane domains is important for stabilizing the tyrosine kinase activity in Vitro.
EXPERIMENTAL PROCEDURES
Materials and Reagents. All detergents were from Anatrace as 10% solutions stored under argon gas at 4°C or in powder form stored at -20°C. Egg phosphatidylcholine and brain total lipid extract were purchased from Avanti Polar Lipids in powder form and stored under argon gas at -20°C.
[γ-32 P]ATP was from GE Healthcare. Recombinant EGF was from PeproTech, reconstituted in water at a final concentration of 100 µM and stored at -20°C.
EGFR Expression Constructs. DNA sequences coding for the full-length, mature human EGFR (amino acids 1-1186) or deletion construct ∆998-EGFR (amino acids 1-998) were PCR amplified from an EGFR expression vector and subcloned into the XhoI and MluI restriction sites of the ExpressTag-1 (ET-1) expression vector. The ET-1 expression vector is a modified version of the pIRES2-GFP vector (Clontech, Inc.) engineered for the expression of secreted or cell surface recombinant proteins in mammalian cells from a CMV promoter. EGFR constructs expressed from the ET-1 vector contain an N-terminal murine immunoglobulin κ chain signal peptide, a C-terminal protein C epitope (34) , and C-terminal hexahistadine and streptavidin binding protein (SBP) affinity tags. The SBP tag was designed from sequences selected in Vitro by Szostack and colleagues (35) and is of higher affinity than the commonly used streptactinbinding peptide. All experiments herein were carried out on cysteine light variants of wild-type EGFR in which the following surface-exposed cysteines in the kinase domain (full length and ∆998) and C-terminal domain (full length) have been mutated to serine or alanine: C751S, C757S, C773S, C1025A, C1034A, and C1121A. Mutations were introduced by site-directed mutagenesis using the QuikChange strategy (Stratagene). An EGFR-GFP fusion construct was generated by digesting EGFR-ET1 plasmid DNA with MluI and BstXI restriction enzymes, which cut immediately after the EGFR coding sequence (before the C-terminal tags) and immediately before the GFP coding sequence, respectively. The digested vector was gel purified and religated in the presence of a synthetic fragment coding for a Gly-Gly-GlyAla amino acid linker with compatible MluI/BstXI restriction sites.
Cell Culture and Protein Expression. Human embryonic kidney (HEK) 293T (36) or 293S GnTI-/-(37) monolayers were cultured in Dulbecco's modified Eagle's medium (DMEM), HEPES modification (Sigma) supplemented with 10% fetal bovine serum (Omega Scientific, Inc.), 4 mM L-glutamine (Sigma), and MEM nonessential amino acids.
EGFR constructs were expressed in 293T or 293S GntI-/-cell cultures by transient transfection. Confluent monolayers were split 1:4 in 15 cm dishes approximately 24 h prior to transfection. Cultures were transfected at approximately 65-75% confluency with plasmid DNA (50 µg per 175 cm 2 monolayer surface area) complexed to linear polyethylenimine (PEI) at a DNA:PEI ratio of 1:11 (w/w). Three hours posttransfection, the culture medium was changed to ExCell 293 serum free medium (SAFC Biosciences) supplemented with 6 mM L-glutamine. Cells were harvested 48 h posttransfection, washed once with phosphatebuffered saline (pH 7.4), and either used immediately or stored at -80°C.
Detergent Solubility Screen. Cells transfected with EGFR-GFP were thawed, resuspended in buffer (25 mM Tris, pH 8.0, 400 mM NaCl, 10% glycerol, 1× Complete protease inhibitor cocktail (Roche), 1 mM Na 3 VO 4 ), and lysed in the presence of 1% (w/v) detergent on ice for 1 h. Cell lysates were cleared by centrifugation at 50000g for 15 min, and the cleared supernatants were fractionated by gel filtration on Superose 6HR equilibrated in 20 mM Tris, pH 8.0, 400 mM NaCl, 1 mM EDTA, and 0.4 mM dodecyl maltoside. Fractions containing EGFR-GFP were detected by monitoring GFP fluorescence at excitation and emission wavelengths of 488 and 510 nm, respectively, in a Perkin-Elmer LS-50 luminescence spectrometer. Unfractionated cleared lysates were also assayed for kinase activity as described below.
Purification of EGFR by Streptactin-Sepharose Affinity Chromatography. Cells transfected with EGFR or ∆998-EGFR constructs were solubilized in lysis buffer (5 mL/15 cm plate; 20 mM Tris, pH 8.0, 400 mM NaCl, 10% glycerol, 0.2% Triton X-100, 1 mM EDTA, 1× Complete protease inhibitor cocktail) and lysed at 4°C for 1 h. Lysates were cleared by centrifugation at 50000g for 30 min at 4°C, and the cleared lysate was applied to a streptactin-Sepharose column (1 mL bed volume per four plates of transfected cells) equilibrated in wash buffer (20 mM Tris, pH 8.0, 400 mM NaCl, 10% glycerol, 0.1% Triton X-100, 1 mM EDTA) at a flow rate of 0.1-0.2 mL/min. The column was washed with 20 column volumes of wash buffer, and bound sample was eluted with wash buffer containing 2.5 mM desthiobiotin. Eluate fractions were assayed for EGFR by SDS-PAGE and staining with Coomassie blue. Fractions containing EGFR were aliquoted and stored at -80°C.
In Vitro Kinase Assay. Samples were assayed for tyrosine kinase activity using the peptide-based in Vitro phosphorylation assay described elsewhere (33, 38) . The synthetic peptide substrate (RR1173; H 3 N + -RRKGSTAENAEY 1173 LRV-COO -) corresponds to the Y1173 major autophosphorylation site of EGFR. Briefly, reactions were carried out in 50 µL reaction volumes at room temperature with the final reaction conditions of 100 mM HEPES, pH 7.4, 1% glycerol, 0.1 mg/mL BSA, 5 mM MgCl 2 , 1.25 mM MnCl 2 , 0.1 mM Na 3 VO 4 , 1 mM RR1173 substrate, 20 µM ATP, and 2 µCi of [γ-32 P]ATP. Samples (either cell lysates or purified material) were treated with EGF or buffer as necessary in a volume of 30 µL and incubated at room temperature for 5 min. To each sample was added 10 µL of 5× kinase buffer (500 mM HEPES, pH 7.4, 5% glycerol, 0.5 mg/mL BSA, 25 mM MgCl 2 , 12.5 mM MnCl 2 , 500 µM Na 3 VO 4 ), and the resultant solution was incubated for an additional 5 min. Kinase reactions were initiated by the addition of 10 µL of a 5× substrate/ATP mixture (5 mM RR1173, 100 µM ATP, 2 µCi of [γ-32 P]ATP) and incubated at room temperature for 10 min. Reactions were terminated by addition of 20 µL of 25% trichloroacetic acid and 5 µL of 10 mg/mL BSA to facilitate protein precipitation and incubated on ice for 30 min. Precipitates were spun down, and 10 µL of the supernatant was spotted on 2 cm × 2 cm squares of phosphocellulose filter paper. The filter paper was washed 4× with 75 mM phosphoric acid and the remaining bound radioactivity counted. A control sample of buffer without EGFR was used for measuring the background radioactivity.
NegatiVe Stain Electron Microscopy and Image Analysis. Purified EGFR constructs (2-5 µM) were treated with or without 20 µM EGF for 30 min on ice in the presence of 1 mM ATP and subjected to gel filtration on Superose 6HR equilibrated in running buffer containing 0.4 mM dodecyl maltoside. Following gel filtration, peak fractions corresponding to EGF-bound EGFR dimers were diluted to approximately 1-5 µg/mL (5-30 nM), treated with 10 µM gefitinib, immediately adsorbed to glow-discharged carboncoated grids, and stained with uranyl formate (39) . Specimens were inspected with a Tecnai T12 electron microscope (FEI, Hillsboro, OR) equipped with an LaB6 filament and operated at 120 kV. Images were recorded on imaging plates at a nominal magnification of 67000× using low-dose procedures. Imaging plates were scanned and digitized with a Ditabis micron imaging plate scanner (DITABIS Digital Biomedical Imaging System, AG, Pforzheim, Germany) using a step size of 15 µm, and 2 × 2 pixels were averaged to yield a final pixel size of 4.46 Å at the specimen level. Following digitization of electron micrographs, 2990 single particles were manually selected from 56 images, windowed into 75 × 75 pixel individual images, and grouped into 100 classes using multireference alignment and K-means classification procedures implemented in SPIDER (40) . Alignment, classification, and averaging were iteratively repeated 10 times to obtain the final set of class averages. To assign regions of density to particular EGFR domains, twodimensional projections were calculated from extracellular or kinase domain crystal structures and cross-correlated with masked regions of EM class averages. Briefly, crystal structures were low-pass filtered to 25 Å, and a series of two-dimensional projections were calculated at 4 deg intervals. Each of these projections was aligned with a class average to calculate a cross-correlation coefficient, and the projection with the highest coefficient was chosen. The crosscorrelation coefficients were normalized by dividing by the coefficient for the class average correlated with itself.
Reconstitution of Purified EGFR in Phospholipid Nanodiscs. Egg phosphatidylcholine (egg PC) lipids were dissolved in chloroform and dried in a glass tube under a gentle stream of argon while rotating the tube to form a thin lipid film. Residual chloroform was removed under vacuum for 3 h. Lipids were rehydrated with buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 20 mM Triton X-100) at a final lipid concentration of 10 mM. During the rehydration step, tubes were sealed with a rubber septum and purged with argon gas to minimize lipid oxidation. Rehydrated lipid was stored on ice until use.
All disc assembly reactions were performed with membrane scaffold protein construct MSP1T2 (generously provided by S. Sligar, University of Illinois at Urbana-Champaign) (41) . In some experiments, the N-terminal heptahistidine tag of MSP1T2 was removed by cleavage with TEV protease; this construct will be referred to as MSP1T2(-). Assembly of discs with egg PC was optimized as described previously for other lipid compositions (41, 42) . Briefly, in 200 µL assembly reactions, 10 µM MSP1T2 was incubated with varying amounts of lipid for 40 min on ice. Assembly was initiated by detergent removal with washed SM-2 Bio-Beads (Bio-Rad; 20 mg of beads/mg of detergent) for 16 h on a rotator at 4°C under argon. At each step, reaction tubes were purged with argon gas to minimize lipid oxidation. Following detergent removal, beads were allowed to settle, and the assembly reaction was transferred to a new tube, purged with argon, and stored at 4°C. Disc assembly was assayed by gel filtration on Superose 6HR equilibrated in 10 mM Tris, pH 7.4, and 100 mM NaCl. Optimal disc formation was observed for an MSP1T2:egg PC molar ratio of 1:75.
EGFR was reconstituted into egg PC nanodiscs by incorporating purified Triton X-100 solubilized EGFR into the disc assembly mixture. Samples of EGFR were pretreated with a 20-fold excess of EGF for 10 min on ice to induce dimer formation. Disc assembly mixtures containing (final concentrations) 1 µM EGFR, 20 µM EGF, 10 µM MSP1T2, 750 µM egg PC, and 2.0-2.5 mM Triton X-100 were incubated on ice for 40 min. Assembly was initiated by removing detergent with SM-2 Bio-Beads (20 mg of beads/ mg of detergent) for 16 h on a rotator at 4°C under argon. Following assembly, beads were spun down, and the assembly mixture was transferred to a new tube, purged with argon, and stored at -80°C.
Reconstitution of Purified EGFR in Phospholipid Vesicles. Dried lipids were rehydrated at 10 mg/mL final lipid concentration in 20 mM Tris, pH 8.0, 10% glycerol, 1 mM EDTA, and 400 mM NaCl. The lipid suspension was passed through an extruder (Lipex) equipped with a 0.8 µM filter (2×), 0.4 µM filter (2×), and 0.1 µM filter (11×) to form small unilamellar vesicles. Purified EGFR in 0.1% Triton X-100 was treated with 20 µM EGF for 5 min on ice. Preformed liposomes (50 µL) were added to the EGF-treated sample and incubated for 1 h at 4°C. The final detergent/ lipid mass ratio was 1. Detergent was removed by incubation with Bio-Rad SM-2 Bio-Beads for 16 h at 4°C. Following detergent removal, beads were spun down and reconstituted proteoliposomes transferred to new tubes and stored at -80°C .
RESULTS

Solubility, Monodispersity, and ActiVity of EGFR in Detergent-Soluble Cell
Lysates. Cohen and co-workers initially showed that 1% Triton X-100 and 10% glycerol could extract 75-90% of the EGF-dependent kinase activity from preparations of A-431 cell membranes (29) . In addition, this could be achieved with a number of other industrial detergents. While Triton X-100 has been historically the detergent of choice for solubilizing EGFR, we sought to determine if other detergents were suitable for functional reconstitution and structural characterization of EGFR by monitoring their effect on receptor solubility, monodispersity, and activity.
The ability of a particular detergent to solubilize EGFR from transfected 293 cells was assayed by SDS-PAGE of detergent-soluble cell lysates and Western blotting with antiprotein C mAb (34, 43) , which reacts with the C-terminal tags of the recombinant EGFR constructs expressed here. Most detergents tested were able to solubilize EGFR to a similar extent as Triton X-100 (Table 1) .
Next, the monodispersity of the EGFR-GFP fusion construct was assayed using gel filtration chromatography of detergent-soluble cell lysates. In these experiments, elution of EGFR is followed in the presence of other detergentsoluble material by monitoring the fluorescence of the GFP fusion protein (44) . Attachment of GFP to the C-terminus of EGFR does not affect the in Vitro or in situ tyrosine kinase activity (data not shown). Of the 21 detergents screened, Triton X-100 is representative of a "good" detergent, with the majority of the GFP fluorescence eluting as a relatively sharp peak, compared to protein standards, at an elution volume of approximately 14 mL (Figure 1 , solid line); this position corresponds to a receptor monomer (see below). In contrast, octyl -D-glucopyranoside ( -OG) is representative of a "poor" detergent causing most of the GFP fluorescence to elute in the void volume of the column (Figure 1, dashed  line) . The peaks at 17-18 mL in both chromatograms b Solubility was judged by SDS-PAGE of detergent-soluble cell lysates and Western blot with antiprotein C mAb to detect recombinant EGFR. Detergents that solubilize EGFR to a comparable or greater extent than Triton X-100 are indicated by a (+) and to a lesser extent by a (-). c The monodispersity of detergent-soluble EGFR-GFP was judged by gel filtration to be (m) monodisperse, (p) polydisperse, or (a) aggregated if the majority of the GFP fluorescence eluted from gel filtration in a single peak, multiple peaks, or the void volume, respectively.
d The kinase activities measured for detergent-soluble cell lysates are shown relative to the kinase activity of EGFR in Triton X-100 solubilized cell lysates in the absence of EGF. FIGURE 1: Solubility and monodispersity of recombinant EGFR in detergent-solubilized cell lysates. EGFR-GFP fusion protein was expressed by transient transfection in 293S GntI-/-cells and solubilized in buffer containing (solid line) 1% Triton X-100 or (dashed line) 1% octyl -D-glucopyranoside. Lysates were subjected to gel filtration on Superose 6HR (24 mL bed volume). GFP fluorescence of eluate fractions was monitored at excitation and emission wavelengths of 488 and 512 nm, respectively. correspond to free GFP resulting from proteolytic degradation of the fusion construct. The results for 15 other detergents are listed in Table 1 .
For detergents that yield a relatively monodisperse preparation of EGFR-GFP in detergent-soluble cell lysates, the kinase activity in the absence and presence of EGF was assayed by monitoring the incorporation of 32 P into an exogenous peptide substrate. Relative to the activity in Triton X-100 lysates, comparable basal and stimulated activities are observed for the homogeneous polyoxyethylene dodecyl ethers C 12 E 10 , C 12 E 9 , and C 12 E 8 ; dodecyl maltoside yields similar levels of fold stimulation although with higher basal activity; and LDAO and the anzergent series of zwitterionic detergents yield similar basal activities without any further stimulation by EGF. These results are summarized in Table  1 .
Purification of EGFR by Affinity Chromatography. Recombinant EGFR constructs expressed from our ET1 vector by transient transfection in 293T or 293S GntI-/-cell cultures are purified by streptactin-Sepharose affinity chromatography in the presence of 0.1% Triton X-100. SDS-PAGE analysis of eluate fractions from a representative purification (from cleared lysate of 4 × 15 cm plates of transfected cell culture) is shown in Figure 2a . After this single purification step, EGFR is >90% pure as judged by SDS-PAGE and Coomassie staining. A minor contaminant that migrates at ∼70 kDa molecular mass on reducing SDS-PAGE is invariably observed in all preparations. This contaminant was identified by mass spectrometry to be Hsc70/Hsp70 molecular chaperones (data not shown). The typical yield of purified EGFR from 4 × 15 cm plates of transfected cell culture is approximately 200-400 µg in 0.5 mL of the most concentrated eluate fraction (lane 3 in Figure 2a) .
EGF-Stimulated Dimerization and ActiVation of EGFR
quality of EM images that could be obtained in comparison to images for samples prepared in Triton X-100, for example (data not shown). In the absence of EGF, purified ∆998-EGFR predominantly elutes in a sharp peak with an apparent Stokes radius of 5.9 nm (Figure 2b) . When assayed for kinase activity, this dominant peak in absorbance at 280 nm exhibits very low kinase activity; however, a relatively small peak of kinase activity elutes at a higher molecular mass with an apparent Stokes radius of 7.6 nm. In contrast, when purified ∆998-EGFR is pretreated with 20 µM EGF and fractionated by gel filtration, the dominant peak in the absorbance at 280 nm and in kinase activity coelutes with an apparent Stokes radius of 7.6 nm (Figure 2c ). In the context of the ligand-induced dimerization model, these results suggest that the species eluting from gel filtration with apparent Stokes radii of 5.9 and 7.6 nm correspond to the inactive ∆998-EGFR monomer and EGF-bound ∆998-EGFR dimer, respectively.
Global Structure and Domain Organization of the EGFBound ∆998-EGFR Dimer. The overall structure and domain organization of the detergent-soluble, EGF-bound ∆998-EGFR dimer isolated by gel filtration in 0.4 mM dodecyl maltoside were characterized by negative stain electron microscopy. From 56 images of negatively stained samples, 2990 particles were selected and grouped into 100 class averages (Supporting Information Figure S1 ); the averages of the three most populated classes are shown in Figure 3a . In these class averages, three major regions of stain exclusion, which represent protein domains, can be observed. The top portion, which exhibits an approximate 2-fold symmetry, is followed by a small region of density that connects the top portion to a larger globular density on the bottom.
In the class averages of the EGF-bound EGFR dimer (Figure 3a) , the 2-fold symmetric density at the top of the images is similar in shape and size to the crystal structures of the dimeric ligand-bound EGFR extracellular domain (14, 15) . To test the hypothesis that this density corresponds to the extracellular domain, two-dimensional projections were calculated from the crystal structure of the EGF-bound EGFR extracellular domain and cross-correlated with masked regions of the class averages (Figure 3b ). Using only domains I-III from the previously published crystal structures ( Figure  3e ), projections are obtained that are in excellent visual agreement with the top portion seen in the averages (Figure  3c ), suggesting that this portion corresponds to domains I-III.
The small, middle region of density in the class averages is not accounted for by two-dimensional projections of domains I-III and may correspond to extracellular domain IV, which is not observed in either of the two published crystal structures of the ligated extracellular domain dimer (14, 15) . To test the hypothesis that this density corresponds to domain IV of the extracellular domain, twodimensional projections were calculated for a model of the EGF-bound EGFR extracellular domain that contains domains I-IV. The model was built by superposing the structure of domain IV observed in the tethered (undimerized) conformation (17) onto the first two cysteine-rich modules of domain IV (residues 480-512) observed in the EGF-bound dimer structure (14) . This superposition places the C-terminus of domain IV for each monomer in very close proximity in the context of the dimer (Figure 3f ). Projections calculated from this model yield higher cross-correlation coefficients than projections that do not include domain IV and are of similar size and shape as the masked EM images. These results suggest that the C-termini of the two domains IV are very close to one another as they approach the transmembrane segment in the intact receptor.
By elimination, the large globular density at the bottom of the class averages of ∆998-EGFR in Figure 3a must consist of the transmembrane, intracellular juxtamembrane, and intracellular tyrosine kinase domains. This region is less well defined (as compared to density for the extracellular domain) in class averages and exhibits a range of shapes and orientations with respect to the extracellular domain density. When solubilized in detergent, flexibility of the transmembrane and juxtamembrane regions likely results in a range of orientations between extracellular and intracellular domains that are adsorbed onto the EM grids.
In addition to EGF-bound ∆998-EGFR dimers, images and class averages were also obtained for the monomeric ∆998-EGFR in the absence of EGF. In these class averages (data not shown), three distinct regions of spherical density were observed that are considerably smaller in size than the densities observed for the dimeric material. However, the lack of distinguishing features and considerable variability in spatial organization of the densities among class averages precluded the assignment of corresponding domains for ∆998-EGFR monomers.
Stability of EGFR Kinase ActiVity in Detergent Micelles. The stability of the EGF-bound ∆998-EGFR dimer in dodecyl maltoside detergent micelles was assayed by monitoring the kinase activity as a function of time incubated on ice. The fraction corresponding to the EGF-bound EGFR dimer that eluted from gel filtration (Figure 2c ) was aliquoted and frozen at -80°C. Samples were thawed and incubated for varying times at 0°C before measuring kinase activity. As shown in Figure 4a (solid line), upon exchange from 0.1% Triton X-100 into 0.4 mM dodecyl maltoside by gel filtration, the kinase activity of purified ∆998-EGFR decreases rapidly with time incubated at 0°C. The kinase activity is lost with a rapid initial decay followed by a slower decay at longer times. Kinase activity decays less rapidly when the dodecyl maltoside concentration in gel filtration is lowered to 0.2 mM (Figure 4a , dashed line), although less than 20% of the initial kinase activity remains after 6 h at 0°C.
To test if the decrease in kinase activity with time at 0°C is due to dissociation of the EGF-bound EGFR dimer in dodecyl maltoside, the peak dimer fraction eluted from gel filtration in 0.2 mM dodecyl maltoside was divided into two aliquots and frozen at -80°C. The aliquots were thawed on ice and refractionated on gel filtration either immediately after thawing or after incubation on ice for 10 h. In both cases, nearly identical chromatograms are observed with the main peak in absorbance at 280 nm eluting with an apparent Stokes radius of 7.6 nm (Figure 4b ), suggesting that EGFbound EGFR remains dimeric even after 10 h at 0°C in 0.2 mM dodecyl maltoside.
To test if detergent has a direct inhibitory effect on the kinase domain itself, the kinase activity of the isolated kinase domain (residues 672-998) was assayed in the absence and presence of 0.2 mM DDM. As shown in Figure 4c , the activity of the isolated kinase domain is stable for at least 10 h when incubated on ice in the absence or presence of 0.2 mM dodecyl maltoside.
Finally, phospholipids are sometimes required to yield biologically active preparations of purified membrane proteins. To test if the addition of lipid can stabilize ∆998-EGFR kinase activity following elution from gel filtration in 0.2 mM dodecyl maltoside, brain whole lipid extract was added to samples at detergent:lipid mass ratios of 4:1 ( Figure  4d , circles), 1:1 (squares), and 1:10 (triangles) and the kinase activity measured as a function of time incubated at 0°C (Figure 4d) . Although increasing the amount of lipid appears to stabilize the kinase activity to some extent, only 25% of the initial kinase activity remains after 10 h for the highest amount of lipid tested.
Reconstitution of EGFR in Phospholipid Bilayer Nanodiscs. The requirement of a phospholipid bilayer for maintaining the stability of EGFR kinase activity was tested by reconstituting purified EGFR into phospholipid bilayer nanodiscs. Nanodiscs are reconstituted high-density lipoprotein particles composed of a lipid bilayer surrounded by two amphipathic helical membrane scaffold protein (MSP) molecules derived from human apolipoprotein A1 (42) . Sligar and co-workers have demonstrated that nanodiscs, in addition to providing a more physiological membrane bilayer compared to detergent, allow membrane proteins to be reconstituted in a more controlled and stoichiometric manner compared to phospholipid vesicles (45) (46) (47) .
In the absence of EGFR, nanodiscs formed with membrane scaffold protein construct MSP1T2 and a mixture of phosphatidylcholine lipids extracted from chicken egg yolk (egg PC) elute from gel filtration with an apparent Stokes radius of approximately 4.8 nm (Figure 5a ). These results are consistent with the 10 nm diameter discs formed with MSP1T2 and other lipid compositions reported previously (41, 42) .
To incorporate EGFR into nanodiscs, purified EGFR in 0.1% Triton X-100 was pretreated with EGF and reconstituted in 10 nm discs under conditions where MSP1T2 is present at a 10-fold molar excess over EGFR. Under these conditions, the majority of discs formed will not contain any membrane protein ("empty" discs) and will elute from gel filtration at a similar position as discs formed in the absence of EGFR. However, approximately 10% of the discs formed will contain, on average, one EGF-bound EGFR dimer per disc and elute from gel filtration with a higher apparent molecular mass. The result of this experiment is shown in Figure 5b , where two major species elute from gel filtration. The dominant peak in the absorbance at 280 nm elutes with an apparent Stokes radius of 4.8 nm corresponding to the "empty" nanodiscs. The second, minor, peak in the absorbance at 280 nm elutes with a significantly higher Stokes radius of 8.5 nm. When the gel filtration fractions are assayed for tyrosine kinase activity, the peak in kinase activity coelutes with the minor peak of 8.5 nm Stokes radius (Figure  5b ), suggesting that this species corresponds to EGFRcontaining nanodiscs.
To determine the stoichiometry of EGFR molecules incorporated per disc under these assembly conditions, EGFR was reconstituted in nanodiscs formed with MSP1T2 in which the N-terminal His 7 tag was removed from the membrane scaffold construct by TEV protease digestion, denoted MSP1T2(-); removal of the tags does not affect disc assembly (ref 41 and data not shown). Following disc assembly, EGFR-containing discs were separated from empty discs by Ni-NTA affinity chromatography using the Cterminal His 6 tag in our recombinant EGFR constructs. While the majority of MSP1T2(-) does not bind Ni-NTA, SDS-PAGE and Coomassie staining indicate that EGFR and MSP1T2(-) coelute in eluate fractions with an EGFR: MSP1T2(-) mole ratio of approximately 0.9:1.1 (Figure 5c ). Since there are 2 mol of MSP1T2(-) per disc, this result suggests that, on average, one EGF-bound EGFR dimer is incorporated per disc under these assembly conditions.
The structural and functional stability of EGF-bound ∆998-EGFR dimers reconstituted in phosphatidylcholine nanodiscs was assayed as a function of time incubated at 4°C
. As shown in Figure 6a , EGF/EGFR/MSP1T2 assembly mixtures exhibit nearly identical gel filtration chromatograms when fractionated immediately following disc assembly (t ) 0) or following incubation at 4°C for 48 h. In addition, over 80% of the initial kinase activity is retained following incubation at 4°C for 24 h ( Figure 6b) ; a similar stabilization of kinase activity compared to detergents is obtained when purified ∆998-EGFR is reconstituted in phosphatidylcholine liposomes in the presence of EGF (Figure 6c ). As a further comparison, purified EGF-bound ∆998-EGFR dimers in 0.1% Triton X-100 have an initial specific activity of 120 ( 8 pmol of phosphate transferred min -1 (µM EGFR) -1 that decays with apparent single exponential kinetics to 27.5 ( 0.5% of the initial activity after 24 h at 4°C (Figure 6d and data not shown). In contrast, after the 16 h disc assembly procedure, essentially all of the original specific activity that was present in 0.1% Triton X-100 is recovered when EGFbound ∆998-EGFR dimers are reconstituted in phosphati- , Figure 6d ). These results demonstrate that reconstitution of EGF-bound EGFR dimers in phosphatidylcholine nanodiscs or liposomes provides significantly increased functional stability compared to dodecyl maltoside or Triton X-100 detergent micelles.
DISCUSSION
In this report we present optimized protocols for the expression, purification, and reconstitution of intact EGFR. Through the expression of recombinant EGFR constructs in 293 cell culture and single step purification by affinity chromatography, we can obtain highly purified preparations of intact EGFR and EGFR mutants in sufficient quantities for biochemical and biophysical characterization. The material obtained by these methods is predominantly monomeric in dodecyl maltoside detergent micelles in the absence of EGF. Although primarily a monomer, there is a small equilibrium population of unligated dimeric material that retains catalytic activity toward an exogenous peptide substrate even in the absence of EGF. The addition of EGF shifts the equilibrium in favor of the ligated EGFR dimer with concomitant stimulation of kinase activity. Interestingly, unligated and ligated EGFR dimers have identical specific activities toward the RR1173 peptide substrate, suggesting that ligand does not stimulate the kinase activity but shifts the equilibrium toward the ligated dimer in our preparations.
Although our preparations of EGFR in Triton X-100 and other detergents clearly exhibit EGF-stimulated kinase activity, the level of stimulation does not likely represent the level of stimulation that would be achieved on the cell surface due to a potentially nonphysiological mixture of oligomeric states present in our cell lysates. Unligated dimers reported previously (1, 2) and herein do not necessarily correspond to physiological unligated dimers that have been debated to be populated on the surface of unstimulated cells (5) . The unligated dimeric material reported here may be the result of overexpression of recombinant EGFR constructs in transfected cell lines, where the absence of endogenous regulatory mechanisms and the high concentrations of receptor may promote dimerization in the absence of ligand and increase the basal activity.
The EM class averages of our negatively stained detergentsoluble EGFR preparations represent the first molecular images of the overall EGFR structure and domain organization for intact receptor molecules. The correlation between regions in the class averages and extracellular domain crystal structures suggests that the extracellular domain of intact detergent-soluble EGFR adopts a similar structure to that observed in crystals. In addition, our EM class averages support a molecular model for the orientation of domains IV within the extracellular domain dimer, which has not been visualized in the crystal structures of the ligand-bound dimer (14, 15) ; a similar model has been proposed previously (17) . In this model the C-termini of domains IV are juxtaposed against one another such that two polypeptide chains would be in close approach to one another as they enter the lipid bilayer. This model derived from the EM class averages is consistent with unpublished cross-linking results from our laboratory, in which cysteine residues introduced in the extracellular juxtamembrane region are capable of forming disulfide cross-links in the presence of EGF (C. Lu and T. A. Springer, unpublished results). Thus, the orientation of extracellular domain IV in the ligated dimer places spatial restraints on the transmembrane helices as they enter the plane of the membrane.
Although ligated EGFR appears to be stable as dimers and catalytically active when reconstituted in detergent micelles, the detergent environment does not appear to be sufficient for maintaining the kinase activity over prolonged incubations (>2 h in dodecyl maltoside, >8 h in Triton X-100) at 0 or 4°C. We demonstrated that this is not due to structural instability of the ligated dimer or by a direct inhibitory effect of detergents on the kinase domain itself. Furthermore, addition of phospholipids to the purified detergent-soluble FIGURE 5: Reconstitution of EGFR dimers in phospholipid nanodiscs. Phospholipid nanodiscs were assembled in the (a) absence or (b) presence of purified WT-EGFR pretreated with EGF. Assembly mixtures consisted of 10 µM membrane scaffold protein MSP1T2 and 750 µM egg phosphatidylcholine without or with 1 µM EGFR plus 20 µM EGF. Disc formation and receptor incorporation were analyzed by gel filtration on Superose 6HR equilibrated in 10 mM Tris, pH 7.4, and 100 mM NaCl. Protein elution was monitored by absorbance at 280 nm (solid line), and kinase activity of eluate fractions was determined by monitoring the incorporation of 32 P into an exogenous peptide substrate (dashed line, circles). (c) Ni-NTA purification of EGFR-incorporated nanodiscs monitored by SDS-PAGE and Coomassie blue staining of input, flow-through, wash, and eluate fractions. The molar ratio of EGFR:MSP1T2(-) in eluate fractions was estimated by comparing the staining intensities of EGFR and MSP1T2(-) bands relative to the staining intensities of the 150 and 20 kDa molecular mass standards, respectively. preparations does not appear to significantly stabilize the kinase activity.
As an alternative to detergent micelles, the kinase activity of purified EGF-bound EGFR dimers is significantly stabilized when reconstituted in a phospholipid bilayer environment. Ligated EGFR dimers reconstituted in phosphatidylcholine lipid nanodiscs are structurally and functionally stable over periods of 24-48 h when stored at 4°C. Although the precise structural mechanism for the increased functional stability of EGFR kinase activity in a phospholipid bilayer is not known, we do not believe that the stabilizing effect is mediated through stabilization of the transmembrane domain itself. The introduction of a cysteine at position A623 near the extracellular face of the transmembrane domain results in EGF-induced disulfide cross-linked (and catalytically active) dimers on the surface of transfected cells (C. Lu and T. A. Springer, unpublished results). If proper transmembrane domain interactions are not maintained in the detergent micelle, one might propose that stabilizing these interactions through a disulfide cross-link may stabilize the kinase activity. However, the stability of purified A623C-EGFR disulfide-bonded dimers in dodecyl maltoside is very similar to that of the wild-type protein (L.-Z. Mi and T. A. Springer, unpublished results), suggesting that it is not destabilization of transmembrane domain interactions that contribute to loss of activity in detergent micelles.
Instead of providing structural stability for maintaining transmembrane domain interactions, the importance of a lipid bilayer for maintaining functional stability of EGFR in Vitro is consistent with previously proposed models involving interactions between the intracellular juxtamembrane domain and the phospholipid bilayer (25, 26) . In this case it is interactions of regions outside the transmembrane domain with the phospholipid headgroups that are proposed to be functionally important, and these interactions presumably cannot be recapitulated by the detergent micelles. Furthermore, since dodecylphosphocholine was found to be a very poor detergent for solubilizing and reconstituting functional EGFR in cell lysates, we can propose that it is not interactions with the phosphocholine headgroups per se but rather interactions with the headgroups in the context of the planar lipid bilayer that may be important for stabilizing EGFR kinase activity in Vitro. Figure S1 . Class averages of EGF-bound !998-EGFR dimers imaged by negative stain electron microscopy. EGF-bound !998-EGFR dimers were purified by gel filtration chromatography in 0.4 mM dodecylmaltoside and imaged by negative stain electron microscopy as described in EXPERIMENTAL PROCEDURES. From 56 images (see text for details), 2,990 single particles were manually selected, windowed into 75 x 75 pixel images, and grouped into 100 classes using multireference alignment and K-means classification procedures.
Alignment, classification, and averaging were iteratively repeated 10 times to obtain the final set of class averages. 
